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Paprskoploutvé ryby, Actinopterygii, skupina s nejvyšší taxonomickou diverzitou mezi všemi 
obratlovci, představují v posledním období atraktivní objekt evolučních studií. S pokrokem 
v oblasti molekulární cytogenetiky a cytogenomiky roste i význam těchto metod ve studiu 
uspořádání a evoluce rybích genomů jako základu této diverzity. Má dizertační práce se 
zabývá studiem evoluce genomu vybraných skupin ryb, a to jak bazálních linií 
parskoploutvých (Lepisosteidae a Amiidae) a kostnatých (Pantodontidae), tak i “vyšších” 
kostnatých ryb z čeledí Cobitidae a Coregonidae. Využila jsem metody konvenční a 
molekulární cytogenetiky společně s fylogenetickými a statistickými přístupy. V rámci své 
dizertační práce popisuji cytogenetickou variabilitu blízce příbuzných druhů síhů 
(Coregonus), a roli repetitivních úseků genomu v ekologické speciaci. V kontrastu s recentní 
cytotaxonomickou diverzitou síhů, jsme odhalili relativně dlouhodobou karyotypovou 
stabilitu ve spojení s asexuálním rozmnožováním u sekavců rodu Cobitis. V další publikaci 
detailně popisujeme překvapivé uspořádání AT/GC bazí na chromozomech a v genomu 
kostlínů (Atractosteus a Lepisosteus) a bioinformaticky analyzujeme jejich uspořádání v 
genomu těchto bazálních paprskoploutvých ryb v kontextu hlavních linií obratlovců. 
V návaznosti na práci o kostlínech, přinášíme detailní cytogenetická data u kaprouna 
obecného (Amia calva), jediného recentního představitele řádu Amiiformes. Ačkoliv patří 
kaproun mezi nejbližší žijící příbuzné kostlínů, ukazujeme jeho karyologickou a 
cytogenetickou podobnost kostnatým rybám. Dále jsem se podílela na cytogenetické analýze 
motýlkovce afrického (Pantodon buchholzi), jediného představitele čeledi Pantodontidae, 
řádu Osteoglossiformes. Výsledky této dizertační práce ukazují, jak dynamický a komplexní 
systém představují genomy ryb a že i v době masivně využívaných sekvenací nové generace, 





Actinopterygian fishes exhibit the greatest taxonomical diversity of all vertebrates, making 
this group attractive to address numerous evolutionary questions. The role of molecular 
cytogenetics and cytogenomics further increase because recent advances in these fields 
provide more comprehensive view of fish genome organization and evolutionary dynamics, 
responsible for this amazing diversity. My Thesis investigates the genome organization of 
selected fish lineages, namely basal lineages of Actinopterygians (Lepisosteidae and 
Amiidae) and Teleosts (Pantodontidae), together with “modern” fishes Cobitidae and 
Coregonidae. I have integrated conventional and molecular cytogenetic techniques together 
with phylogenetic and statistical approaches. Publications included into the Thesis describe 
e.g. the cytogenetic variability and dynamics in closely related fish species of the genus 
Coregonus and the impact of repetitive sequences on the ecological speciation. In contrast to 
the recent cytotaxonomical diversity of Coregonids, we have detected a karyotype stability 
associated with asexual reproduction in spined loaches of the genus Cobitis. In the subsequent 
publication, we describe a surprising AT/GC genome organization in gars (Atractosteus and 
Lepisosteus) and summarize the knowledge of genome organization and karyotype 
differentiation of these basal actinopterygian lineages in the context of other major vertebrate 
lineages. Also we provide first reliable chromosomal data for the bowfin Amia calva, the only 
representative of fishes from order Amiiformes. Although bowfin represents the closest extant 
lineage of gars, we show its karyological and cytogenetic similarities with Teleosts. I have 
participated on cytogenetic analyses of the African butterfly fish Pantodon buchholzi, the 
only representative of the family Pantodontidae (Osteoglossiformes). The outcomes of this 
Thesis reveal the dynamic nature and the complexity of the fish genome, as well as the 
importance of cytogenetic and cytogenomic methodologies in the age of the next generation 
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Actinopterygians (ray-finned fishes) is the largest and most diverse vertebrate group, 
dominating modern aquatic ecosystems. The number of taxonomically recognized species is 
approaching 29 600 (67 orders, 474 families, 4621 genera) (Bemis et al. 1997; Suzuki et al. 
2010; Nelson et al. 2016) but the eventual number of extant fish species is estimated to be 
close to 32 000 (Faircloth et al. 2013; Nelson et al. 2016). Ray-finned fishes have undergone 
vast radiation events which are unparalleled to other vertebrate taxa (Venkatesh 2003; Alfaro 
et al. 2009) and roughly represent the half of the extant vertebrate species (Clark 2003; Near 
et al. 2012; Nelson et al. 2016). Actinopterygians show vast differences in their life strategies 
and adaptations for life; they occupy essentially all aquatic and semi aquatic habitats that have 
liquid water at least part of the year, including thermal and alkaline springs, hypersaline lakes, 
sunless caves, anoxic swamps, temporary ponds, torrential rivers, wave-swept coasts, and 
high-altitude and high-latitude environments (Helfman et al. 2009). Fishes consume a variety 
of resources from microplankton to mammals and display an enormous diversity in 
morphology, ecology and behaviour. Since Actinopterygians are essential components of 
most ecosystems in which they occur, investigation of their evolutionary history is vital for 
interpreting not only their living biodiversity but also that of vertebrates in general (Hurley et 
al. 2007; Near et al. 2012; Sallan 2014).  
The vast majority of living Actinopterygians belong to the group Teleostei derived 
from the actinopterygian stem about 450-350 MYA (Venkatesh 2003). The success of 
Teleosts is often attributed to an additional genome duplication event (teleost specific genome 
duplication, TSGD) next to the two basal ones and to TSGD-related morphological novelties 
(Sallan 2014). Fossil record of diverse Teleosts has been recorded from Jurassic and 




approximately 235 MYA and are poorly classified into Pholidophorids and Ichthyokentemids 
lineages (Maisey et al. 1996).  
 
Figure 1. Consensual phylogeny of living actinopterygian clades after Sallan (2014). Numbers indicate living genera. 
Drawings represent the major lineages of Actinopterygians. Basic topology after Grande (2010) and Faircloth et al. 
(2013). 
The remainders of Actinopterygians belong to five lineages with long-retained 
ecomorphologies: Polypteriformes (bichirs), Lepisosteiformes (gars), Amiiformes (bowfin), 
Polyodontiformes (paddlefish) and Acipenseriformes (sturgeons and shovelnoses) (Figure 1.). 
Despite over a century of systematic research and the rapid progress toward reconstructing the 
Vertebrate Tree of Life, the phylogenetic relationships among the major actinopterygian 
clades still remain unresolved (Thomson and Shaffer 2010). In fact, the inconsistence in 
species richness of extant lineages prohibits a reliable reconstruction of the ancestral state. 
Therefore, although 29,585 living species of Teleosts have been described (Nelson et al. 
2016), the species richness of extant basal Actinopterygians is limited to 12 living species of 
bichirs (with genera Polypterus and Erpetoichthys) (Suzuki et al. 2010), 25 species of 
sturgeons (Acipenser, ′Huso′, Scaphirhynchus, Pseudoscaphirhynchus) (Bemis et al. 1997), 




(with genera Lepisosteus, Atractosteus), and a single species of bowfin (Amia calva). 
Consequently, with the exception of Teleosts and Tetrapods, the pattern of vertebrate 
phylogeny close to the base of the tree shows very long phyletic branches that lack 
intervening divergences leading to extant descendants (Figure 2) (Broughton et al. 2013).  
 
Figure 2. Hypothesized phylogenetic relationships among living (black colour) and extinct (†, red colour) vertebrate 
groups. Picture is adjusted after Helfman et al.(2009) 
An extensive review of literature has been recently made by Sallan (2014) who stated 
that the molecular consensus is now coalescing around the nested Polypteriformes + 
Actinopteri, Chondrostei + Neopterygii, and Holostei + Teleostei topology (Figure 1). 
However a large amount of conflicts between molecular and morphological hypotheses, 
driven by choice of characters, taxa and genes still exists. Most working concepts of 
actinopterygian relationships are based on morphological data, and unlike other clades of 




Actinopterygians and Teleosts using molecular data that sample multiple nuclear genes and 
include taxa that span the major lineages (Near et al. 2012). In this conflicting area, 
cytogenetics is becoming an important biodiversity-detection tool for estimating biodiversity-
related evolutionary aspects. The synergy between chromosomal and molecular biology 
analysis promotes cytogenetics to a powerful tool in the integration of knowledge in genetics, 
genomics, taxonomy and evolution. 
 
 
2. AIMS OF THE THESIS 
Presented Thesis is composed of five scientific articles and one methodical book chapter 
published in Fish Cytogenetic Techniques. The Thesis is concerning cytogenetics and genome 
evolution of fishes from different actinopterygian groups: Cobitidae, Salmonidae, 
Pantodontidae, Lepisosteidae and Amiidae. Main aims of these studies could be summarized 
in following points: 
- Characterize whether and how karyotype evolution in asexual fish complex of hybrid 
spined loaches occurs. Test the integrity of parental chromosomes in 2n and 3n hybrid 
genomes. Provide new molecular dating including both sexual and asexual lineages 
(publication I). 
- Examine chromosomes of archaic fish Amia calva by using conventional and fluorescence 
cytogenetic methods. Compare these results with others basal lineages of actinopterygian 
fishes and expanding our knowledge on the phylogenetic relationships of these lineages 
(publication II). 
- Use molecular cytogenetic methods to describe the genome organization of gars, followed 




- Examine chromosome structure and genome differentiation in sympatric species of ciscoes 
(genus Coregonus) from the Lake Stechlin (Germany). Describe the impact of repetitive 
DNA sequences on the process of adaptive speciation (publication IV). 
- Provide the first detailed cytogenetic analysis on chromosomes of African butterfly fish 
Pantodon buchholzi and thus to gain insight into its evolution within Osteoglossiformes, 
one of the most basal teleost lineages (publication V). 
- Optimize the protocol that allows successful application of the genomic in situ 
hybridization (GISH) and comparative genomic hybridization (CGH) methods in 
cytogenetic analyses of actinopterygian fishes. Describe the principle and limitations of 
these methods (publication VI). 
 
 
3. LITERATURE REVIEW 
 
3.1. Characterization of fish genomes 
Fish genomes could be characterised by several features, e.g. genome size, chromosomal 
characteristics or genome organization. In general, the available information about structure 
and organization of fish genome mainly relates to the structure and evolution of chromosomes 
(Oliveira et al. 2002, Martins and Wasko 2004). The diploid chromosome number (2n) and 
fundamental number (NF = nombre fondametal, number of major chromosome arms 
originally designed to quantify the centric translocations or fissions of the Robertsonian type 
in domestic mouse; Matthey 1945) is remarkably stable in Actinopterygians, and this 
evolutionary conservatism seems to contradict with the striking diversity of actinopterygian 




hypothesized ancestral teleost protokaryotype (2n = 48 - 50) (Jaillon et al. 2004; Kohn et al. 
2006; Kasahara et al. 2007; but see also Nakatani et al. 2007) is conserved in approximately 
50% of examined taxa (Mank and Avise 2006; Arai 2011). However, polymorphisms at the 
chromosomal level are frequently recorded (Mank and Avise 2006; Arai 2011), involving the 
presence supernumerary chromosomes, polyploidy and structural rearrangements. 
Chromosome number thus can vary from very low counts, e.g. 2n = 12 reported in Spark 
anglemouth Sigmops bathyphilus (Stomiformes) (Post 1974) or 2n = 16 in Chocolate gourami 
Sphaerichthys osphromenoides (Perciformes) (Calton and Denton 1974) to extremely high 
numbers, such as e.g. 2n = 446 in the cyprinid snowtrout Ptychobarbus dipogon 
(Cypriniformes) (Yu and Yu 1990) or 2n = 437 in Siberian sturgeon Acipenser baeri 
(Acipenseriformes) (Havelka et al. 2016). 
 
Table 1. Summary of traits and factors involved in genome and chromosomes organisation of Actinopterygii. Data 
are collected from the manuscript II (Majtánová et al. in press); * lineages with undergone WGD: Salmoniformes, 
Cypriniformes, Synbranchiformes, Siluriformes (Soltis and Soltis 2012), ** Pessia et al. (2012) 
 
The number of chromosomes nevertheless is not related with the size of the 
actinopterygian genome. According to Gregory (2015; the database Genomesize), the genome 
size (DNA content; C-value) of haploid fish cells varies from 0.39 pg in Tetraodon fluviatilis 
to 7.25 pg reported in Polypterus bichir. C-values of major actinopterygian clades are given in 
Table 1. However, only a limited fraction (roughly 1050) of actinopterygian genomes has 















Specific features in the 




~ 120 – 240 – 360 YES ~ 50% only NOR
multiple in sturgeons, 
one in paddlefish
Acipenser  1.8 – 9.3 
Polyodon  1.6 – 2.4
multiple WGD, ploidy 
diversity
Lepisosteiformes (gars) 56 – 58
small sized 
chromosomes
in both extant 
genera
not observed








36 – 38 biarmed, 
extremelly large
NO only NOR not observed
Erpetoichthis  4.5 
Polypterus  3.6 – 7.2
not investigated
Teleostei
~ 50 (exceptionally 




TGD and lineage 
specific WGDs
0.4 –  ~ 1.0 for 
exceptions see *
from genome compaction 




et al. 2002; Gregory 2005) This huge span of genomes sizes in actinopterygian fishes is 
several-fold greater than those in most other major vertebrate groups (Venkatesh 2003; 
Gregory 2005; Mank and Avise 2006) and possibly indicates the plasticity of fish genomes.  
Differences of nucleotide composition within genomic sequences from a variety of 
lineages revealed several decades ago by thermal melting and gradient centrifugation 
experiments (Inman 1966; Filipski et al. 1973). Since the early studies, a generally accepted 
concept has arisen about the genome compositional heterogeneity in homeotherms (birds, 
mammals) and a substantially decreased heterogeneity to homogeneity in poikilotherms 
(fishes, amphibians) with some transitional states in several reptile lineages (Bernardi 2005). 
Fish genomes, in general, show a lower AT/GC heterogeneity, while the GC-rich regions are 
less abundant than in warm-blooded vertebrates (Bucciarelli et al. 2002). This phenomenon 
was explained by the "thermodynamic stability hypothesis" stating that the compositional 
heterogeneity was an adaptation to homeothermy (reviewed by Costantini et al. 2009). One of 
the proposed mechanisms probably responsible for AT/GC heterogeneity is GC-bias gene 
conversion (gBGC). The gBGC is recombination-associated segregation distortion, favoring 
G and C over A and T bases (Marais 2003). Different banding techniques enable cytogenetic 
visualization of AT/CG heterogenity on chromosomes (e.g. CMA3 staining, G-banding). 
Based on these banding techniques and analyses of GC-profiles of the linkage groups 
originating from the publicly available Lepisosteus oculatus genome, Symonová et al. (in 
press) (publication III) have demonstrated the AT/GC compartmentalization in gar genomes. 
So far, gars represented the only ray-finned lineage with the genome compositional 
heterogeneity supported by cytogenetic as well as bioinformatic data. 
Access to entire genome sequences revolutionize our understanding of how genetic 
information is stored and organized in DNA molecules, how it has evolved over time and 




sequence information of a teleost fish - pufferfish Takifugu rubripes was published in 2002 
(Aparicio et al. 2002). Since then the complete genome of roughly 60 species of 
Actinopterygians has been published (Sayers et al. 2011; Flicek et al. 2014). Sequence 
information from many other teleost species will be available in the near future as a result of 
modern sequencing technologies (Bernardi et al. 2012). Besides the sequencing of entire 
genomes, scanning approaches that give a comprehensive picture of the main characteristics 
of a genome, such as restriction site-associated DNA (RAD) sequencing and transcriptome 
sequencing have been applied to fishes (Sun et al. 2016). 
It is important to note that even high quality whole genome sequencing do not offer a 
complete picture of the genome, due to technical restrictions on accurately assembling large 
genomic scaffolds, especially from genomic regions rich on repetitive elements. However, 
combining DNA sequence data with chromosomal mapping and visualization of constitutive 
heterochromatin by means of cytogenetic techniques can still provide a more comprehensive 
picture of the genome, which is not yet clearly defined, even in completely sequenced 
genomes (Cioffi and Bertollo 2012; Dion-Côté et al. 2016). 
 
3.2. Major events shaping fish genome evolution 
Fish genomes have undergone numerous changes throughout their evolutionary history. More 
than 45 years ago, Susumo Ohno (1970) proposed that duplications of genes and even entire 
genomes could be one of the major mechanisms responsible for increasing complexity during 
evolution (Meyer and Van de Peer 2005). Localized (or tandem) duplications resulting from 
unequal crossing over and whole genome duplications are believed to be the two dominant 
mechanisms contributing to vertebrate genome evolution (Lu et al. 2012). Several rounds of 




most basal genome duplications that preceded the origin of vertebrates (referred to as 1R) and 
jawed vertebrates (2R) (Ohno 1970; Putnam et al. 2008; for review see Kasahara 2007). 
These ancient duplication events have provided an evolutionary substrate for diversification 
of gene functions, origin of evolutionary novelties, reduced probability of extinction and for 
speciation in Actinopterygians. A third round of whole genome duplication, termed ′teleost-
specific genome duplication′ (TSGD or 3R), occurred shortly before the origin of Teleosts 
(Amores et al. 1998; Taylor et al. 2003; Vandepoele et al. 2004; Inoue et al. 2005). 
Subsequently, some fish lineages have undergone independently additional rounds of WGD 
later in the evolution of the Teleosts that might have led to their further speciation. Additional 
WGD occurred e.g. in Salmonidae (Phillips and Ráb 2001; Crête-Lafrenière et al. 2012; 
Macqueen and Johnston 2014), Cyprinidae (Xu et al. 2014; Yang et al. 2015), Botiidae 
(Šlechtová et al. 2007), Catostomidae (Uyeno and Smith 1972), Cobitidae (Saitoh et al. 2010), 
and Callichthyidae (Taylor and Alexandrou 2012). Moreover, evidence of multiple genome 
duplications and subsequent reduction in functional ploidy has been reported also in a non-
teleost actinopterygian lineage: independent WGD events in sturgeons and paddlefishes 
(Ludwig et al. 2001; Crow et al. 2012). Empirical support for these WGDs came from studies 
of the evolution of Hox gene clusters in deuterostomes, where a general pattern from a single 
protostome or early deuterostome Hox cluster to four Hox clusters in Tetrapods was observed 
(Hoegg and Meyer 2005; Kuraku and Meyer 2009). In Teleosts, seven to eight Hox clusters 
have been observed (Amores et al. 1998; Meyer and Van de Peer 2005). Evidence that 
duplication events have contributed significantly to gene families expansion and to genome 
evolution was later confirmed by analyses of conserved gene order and/or synteny within 
complete vertebrate genome sequences (e.g. Amores et al. 1998; Aparicio et al. 2002; 




3.3. Fish cytogenetics – application and future prospects 
Fish cytogenetics is a very specific field of study. Since chromosomes of the highest quality 
are a prerequisite for the success of further cytogenetic techniques, fish chromosomes and 
karyotypes are often difficult to obtain in comparison to other vertebrates. The study of each 
fish group requires the optimization and development of specific protocols adjusted to field 
and/or laboratory conditions. Moreover, actinopterygian species often have karyotypes 
consisting of numerous small-sized chromosomes, harden their examination and 
interpretation. Although several cytogenetic methods have been developed and commonly 
used to explore the fish karyotypes, due to limitations of space, the methods applied in the 
publications associated to this Thesis will be further presented. 
Traditionally, cytogenetic studies often examine the topology of repetitive sequences 
on fish karyotypes, including multigene families, such as ribosomal DNAs (rRNA genes) and 
histone genes, satellites, micro- and minisatellites, and transposable elements (TEs), in order 
to expand our knowledge on karyotype differentiation and evolution (Charlesworth et al. 
1994). C-banding, a technique specific for detecting the constitutive heterochromatin, was the 
first method which was used to explore the karyotype differentiation in fishes. C-positive 
regions are regarded as sites of highly and moderately repetitive DNA (Sumner 2003). The 
size and position of the C-bands are very valuable chromosome markers in karyological 
studies and are particularly useful in karyotyping. C-bands can be highly variable and 
significant polymorphism can be detected among individuals and/or populations of the same 
species (Salvadori et al. 2015).  
Another conventional cytogenetic technique widely used on fish cytogenetics is the 
detection of nucleolar organizing regions (NORs) with Ag-NOR staining, as described by 
Howell and Black (1980; for review see Pisano et al. 2007). This staining is based on the 




ribosomal genes during interphase or prior to mitosis (Howell 1982). In vertebrates, ribosomal 
genes (rDNA) are organized as two distinct multigene families (major and minor ribosomal 
genes) comprising a large number of copies of a single transcription unit, clustered in long 
direct tandem arrays. The major ribosomal genes (45S rDNA), coding for the 18S, 5.8S and 
28S rRNAs are localized in NORs. The other family (5S rDNA) codes for the 5S rRNA and is 
usually localized on different chromosome pairs from those bearing major rRNA genes. The 
rRNA genes can be found clustered in one or several regions of the genome (Martins and 
Wasko 2004). In the past decades distribution and number of rDNA clusters have been 
described in hundreds of fish species not only by Ag-NOR staining but mainly by 
fluorescence in situ hybridization (FISH) with rDNA probes (reviewed in Martins & Wasko 
2004, Cabral-de-Mello & Martins 2010, Gornung 2013). Despite that sequence of rDNA loci 
is evolutionarily conservative across vertebrates; their topology on chromosomes can be 
variable and highly informative for tracking the history of the karyotype evolution across 
related taxa (Hillis & Dixon 1991). Therefore, rDNA loci are often used as molecular marker 
for comparative cytogenetic studies in fishes (e.g. Martins et al. 2000; Fontana et al. 2003; 
Ocalewicz et al. 2008; Pereira et al. 2013). Furthermore, the variability in the rDNA 
sequences and its chromosomal sites provides evidence about genome evolution at 
chromosomal and molecular levels (Fontana et al. 2003). Evolutionarily conserved GC-rich 
DNA blocks, characteristic of rDNA sites of Teleosts (Mayr et al. 1985; Amemiya and Gold 
1986; Ráb et al. 1996) and reference therein), can be cytologicaly identified by fluorescent 
staining with fluorochromes such as Chromomycin (CMA3), mythramycin and olivomycin 
(Schmid and Guttenbach 1988) that binds preferentially to GC-rich chromatin segments and 
counterstained with AT-specific DAPI fluorescence (Rábová et al. 2015). Correlations 




number fish species (Ráb et al. 1999; Deiana et al. 2000; Galetti et al. 2005; Morescalchi et al. 
2007). 
In contrast to conserved sequences of rDNA genes, TEs are considered to be drivers of 
genome evolution and they have been involved in chromosome rearrangements of a wide 
variety of organisms. The TEs interact with other genomic locus, due to their ability to move 
and replicate, thereby generating plasticity (Wicker et al. 2007). They fall into two main 
classes according to their structural organization and transposition mechanism within the 
genome – DNA transposons and retrotransposons (for unified classification system of TEs see 
Wicker et al. 2007). All types of eukaryotic TEs have been described in teleost genomes 
(Aparicio et al. 2002) but a variability in TE content is observed among diverse lineages: the 
genome coverage of TEs is 10x higher in zebrafish (55% of the genome) than in the pufferfish 
Tetraodon (6%) (Chalopin et al. 2015). Regarding chromosome organization, TEs can be 
organized in clusters or dispersed throughout the genome. Almost all categories of TEs 
generally co-localize with other types of repeats (duplicated pseudogenes, minisatellites) in 
specific heterochromatic regions of the genome (Ferreira et al. 2011). So far, the genomic 
distribution of fish TEs has been extensively analysed, particularly by sequence analysis and 
FISH experiments. De Boer et al. (2007) have studied transposon activity during genome 
reorganization process in Atlantic salmon Salmo salar. Analysis of sequence similarities 
between copies within the families of these bursts exhibits several waves of transposition 
activities, correlated to salmonid species divergence. Thus, a large scale transposon activity 
and translocation has been identified as a key factor in the genome reorganization process of 
salmonids. Dion-Côté et al. (2014) have suggested reactivation of TEs as one of factors that 
caused genomic instability through aneuploidy in dwarf and normal lake whitefish leading to 
reproductive isolation between these forms. Symonová et al. (2013b) (publication IV) have 




in sympatric European cisco Coregonus albula and Stechlin cisco C. fontanae leading to a 
rapid genome divergence and possible intralacustrine speciation. Recent studies thus suggests 
that TEs have a significant influence on genome architecture as part of chromosome 
rearrangements, contribute to pre- and post-mating reproductive isolation, and therefore might 
be involved in the formation of new species (Werren 2011; Arkhipova et al. 2012; Belyayev 
2014; Chalopin et al. 2015). 
Using whole genomes as hybridization probes enables the genomic in situ 
hybridization (GISH) and comparative genomic hybridization (CGH). Both GISH and CGH 
are derived FISH methodologies. Although initially, CGH had been developed as a diagnostic 
tool for cancer cytogenetics and GISH had been mostly used in plant cytogenetics, both 
methods are nowadays regarded as valuable tools in fish cytogenetics. The efficiency of both 
methods is largely affected by the presence of genome-specific repetitive sequences (Kato et 
al. 2005). GISH uses total genomic DNA from one species as the labelled probe and 
unlabelled genomic DNA from another species at much higher concentrations as blocking 
DNA, substantially increasing the hybridization specificity. This technique can distinguish 
chromosomes from different genomes and is very useful for studying the genome affinity 
between polyploid species and their progenitors (Zhu and Gui 2007; Valente et al. 2009; 
Rampin et al. 2012; Knytl et al. 2013; Symonová et al. 2013a). In CGH, test and reference 
genomic DNAs are independently labelled with distinct fluorochromes and then co-
hybridized onto metaphase chromosomes (Symonová et al. 2015). Following hybridization, 
the chromosomes are scanned to compare the fluorescence intensities along the lengths of the 
chromosomes in order to detect intensity ratio differences which subsequently pinpoint 
genomic imbalances. In fish cytogenetics, CGH was applied mainly to localize sex-specific 




Winking 2001), genomic comparison within sympatric species pairs of Coregonus 
(Symonová et al. 2013b) and chromosome elimination in hybrids (Fujiwara et al. 1998; Sakai 
et al. 2007). 
 
 
4. MATERIAL AND METHODS 
4.1. Material 
Fishes from different localities and countries (Bulgaria, Czech Republic, Germany, Hungary, 
Mexico, Nigeria, Poland, Romania and Slovakia), have been used for the purpose of this 
Thesis. Chromosomal and tissue material was collected over the course of several years as 
part of a collaborative effort between several laboratories (Charles University in Prague, 
Slovak Academy of Sciences, University of Wrocław, Polsko; Leibniz-institut of freshwater 
biology and inland fisheries, Germany; Universidad Juárez Autónoma de Tabasco, Mexico; 
Adamawa State University, Nigeria). All experimental procedures were conducted with 
relevant approvals and national guidelines. Certification numbers for permissions and 
approvals are included in relevant publications. Tissue, and chromosome preparations and 
DNA samples are stored in collection of Laboratory of Fish Genetics, IAPG CAS, v.v.i.  
 
4.2. Methods 
Molecular techniques: Extraction of genomic DNA (gDNA) from fin, muscle or blood tissue 
either by Phaenol-chlorophorm method or by the DNeasy Blood and Tissue Kit (Qiagen, 
Hilden, Germany), gel electrophoresis, concentration measurement, PCR amplification, DNA 




Translation Mix; Roche), whole genome amplification using (GenomiPhi kit, GE Healthcare 
Life Sciences), Sanger sequencing in our facilities (ABI 3700 sequencer) or external service 
by Macrogen, DNA cloning. 
Cytogenetic techniques: Preparation of chromosomal suspension from kidneys, blood and 
fin regenerates, Giemsa staining, C-banding, G-banding, CMA3 staining, Ag-NOR staining, 
FISH, GISH, CGH. 
Microscopy and image analyses: Examination of chromosomal preparations by light and 
fluorescence microscopy, analyses of chromosomes in the IKAROS and ISIS imaging 
programs (Metasystems, Altlussheim, Germany), graphic adjustment of the captured digital 
images in Microimage and Adobe Photoshop software (version CS5).  
 
 
5. RESULTS AND DISCUSSION 
5.1. Lepisosteidae 
Gars are a unique and archaic group of ray-finned fishes. Extant gars (Actinopterygii, 
Holostei, and Lepisosteidae), represented by only seven species, classified in the genera 
Lepisosteus and Atractosteus, are the only living representatives of one of the earliest 
radiations of Neopterygii. The first investigation on gar cytogenetics has performed Ojima 
and Yanamo (1980) who described the chromosome number and karyotype of longnose gar 
Lepisosteus osseus. Almost nothing has changed in the level of knowledge on gar cytogenetic 
characteristics since the study of Ráb et al. (1999) who have found a cytologically detectable 
association of major ribosomal DNA (28S rDNA) sites with GC-rich blocks of DNA in L. 




because this feature is common in all studied Neopterygii and sturgeons. In 2009, the 
karyotype description of the tropical gar, A. tropicus was published, based on conventional 
Giemsa staining (Arias-Rodríguez et al. 2009). Recently in 2014, the genome of L. occulatus 
has been sequenced (Flicek et al. 2014), and therefore, cytogenomic studies are expected to 
flourish in gars in the near future. 
 
In the publication III, we followed up the work of Ráb et al. (1999) by analysing L. 
occulatus and another, unstudied species Atractosteus tropisus using molecular cytogenetic 
methods. We applied molecular cytogenetic methods which revealed the extraordinary 
similarity of gar AT/GC genome organization with the mammalian one. We further supported 
our findings with bioinformatic analyses which unequivocally confirmed the cytogenetic 
findings and quantified the purely qualitative results of molecular cytogenetics. Since our 
findings deny the so far generally accepted onset of the AT/GC compartmentalization only in 
lineages leading to birds and mammals, we discuss the importance of these findings for 
vertebrate genome evolution in a wider phylogenetic spectrum.  
Recently published work of Braasch et al. (2016) surprisingly documented a synteny 
between spotted gar and chicken linkage groups with only 17 large fissions, fusions or 
translocations major chromosomal re-arrangements. Their work also demonstrated that the 
spotted gar gene expression pattern exhibits many similarities with those of tetrapod genomes. 
Moreover, based on the fossil evidences, gars and early tetrapods probably had faced similar 
selective pressures which resulted to comparable genome organisation (Sallan, pers.com.). An 




result of convergence evolution, but rather the inheritance of the genome structure from the 
common ancestor of Gnathostomata (Meyer, pers. com.). 
 
5.2. Amiidae 
Bowfin Amia calva (Actinopterygii, Holostei, Amiidae) is the only one extant survivor of 
once widely diversified halecomorph fishes (Grande and Bemis 1998). Despite its uniqueness, 
the karyotype of the bowfin (2n = 46) was reported in only in two studies based on 
conventionally Giemsa-stained chromosomes (Ohno et al. 1969; Suzuki and Hirata 1991). 
Genome organization was never studied by molecular methods. After the surprising findings 
in gars, I tried to explore the cytogenomic features of the bowfin, the putative the most closely 
related extant lineage of gars. 
 
In the publication II, we explored the chromosomal characteristics of an ancient non-teleost 
ray-finned fish, bowfin Amia calva, as revealed by means of conventional (Giemsa staining, 
C-banding, CMA3 staining, Ag-NOR staining) and molecular (FISH with rDNA probes) 
cytogenetic methods. Our results demonstrated that bowfin possesses the typical teleostean 
genome organization and karyotype features, e.g. teleost-like chromosomal number and 
AT/GC homogenously stained chromosomes. Furthermore, the NOR regions are localized on 
a single pair of chromosomes and are extremely GC-rich. In addition, we also reviewed the 




data of non-teleost Actinopterygians namely Polypteridae, Acipenseridae, Polyodontidae, 
Lepisosteidae and representatives of Teleosts.  
According to our results, the bowfin strongly resembles the teleost pattern of genome 
organization, suggesting the Halecostomi topology, a phenomenon also observed for several 
morphological characteristics. However, recent phylogenomic analyses convincingly support 
the monophyletic relationship of the spotted gar and bowfin (Braasch et al. 2016). This 
controversy should be evaluated in a broader sense. The fossil record supporting the Holostei 
topology remains unsettled because the reliable placement of fossils near the base of the 
lineage stems is questionable (discussed in Sallan 2014). Gars, bowfins, and teleost lineages 
either diverged very rapidly after the end-Triassic extinction, or were indistinguishable prior 
to that, leaving little evidence of their transformation series. On top of that, gars were highly 
diversified and species-rich lineage at early Mesozoic, but that diversity has gradually lost 
during evolutionary time (Grande 2010). On the contrary, crown Teleosts underwent whole 
genome duplication during the first 100 million years of the Mesozoic, and have subsequently 
demonstrated an extreme speciation and diversification. Therefore, gars and bowfin might 
appear more closely related than Teleosts in molecular studies, which can only sample the 
living subset of those lineages (Sallan, pers. com). Thus, it is really hard to reconstruct the 
evolutionary events surrounding the origins of these groups, despite the apparent universal 
support for Holostean monophyly in phylogenies based on nuclear genes. 
 
5.3. Pantodontidae 
The African freshwater butterfly fish Pantodon buchholzi is the only species of the family 
Pantodontidae, order Osteoglossiformes. The phylogeny of the extant osteoglossiforms is 




topology (Lavoué et al. 2010). However, the phylogenetic position of Pantodon is poorly 
supported, since molecular and morphological characters lead to contradictory topologies. 
Molecular characters support the hypothesis in which Pantodon is the sister group of the rest 
of Osteoglossiformes (Lavoué and Sullivan 2004; Inoue et al. 2009; Mu et al. 2012; Lavoué 
2016), but morphological characters support an alternative hypothesis that Pantodon is 
closely related to Osteoglossidae and Arapaimidae (e.g. Li and Wilson 1996; Hilton 2003; 
Wilson and Murray 2008). Surprisingly, the karyotype of P. buchholzi was studied only by 
conventional stain (Uyeno 1973), and molecular cytogeentic approaches, which could expand 
our understanding on the evolution of Osteoglossiformes, are greatly lacking. 
 
In the publication V we present a detailed cytogenetic analysis of P. buchholzi from the 
lower Niger population (Lavoué et al. 2010). In addition to conventional chromosomal 
markers, we examined the topology on karyotype of nine classes of repetitive DNA sequences 
by FISH, including the multigene families 5S and 18S rDNAs and U2 snRNA, di- and tri-
nucleotide microsatellites and the retrotransposable element Rex6.  
 In 2010, Lavoué et al. (2010) determined two genetically well differentiated allopatric 
populations of P. buchholzi from Niger and Congo River basins respectively. They estimated 
their divergence time to be at least 57 MYA. It is surprising that with such intraspecific 
genetic differentiation between these two Pantodon lineages, no significant morphological 




Osteoglossiformes, the South American arowana Osteoglossum bicirrhosum and the Asian 
arowana Scleropages formosus, demonstrate comparable divergence times to the lineages of 
P. buchholzi. However, there is apparent morphological differentiation between these two 
arowana species. Given the large genetic differentiation between the African populations of 
Pantodon, it is expected that the two populations should demonstrate distinct karyotypes. 
 
5.4. Cobitidae 
European spined loaches of the Cobitis hybrid complex represent a favourite evolutionary 
model to understand dynamics of animal hybridization, asexuality and polyploidy (e.g. Janko 
et al. 2007a; Choleva et al. 2008; Janko et al. 2012; Choleva et al. 2014). Sexual parental 
species have wide distribution over Europe where C. elongatoides (2n=50) was documented 
to hybridize with closely related species of C. taenia (2n=48), C. tanaitica (2n=50) and/or C. 
pontica (2n=50), giving rise to virtually all-female di-, tri- and tetraploid hybrids. Hybrid 
females are assumed to have strictly clonal gynogenetic reproduction, whereas males seem to 
be sterile (Janko et al. 2007a; Choleva et al. 2012). The karyotypes traits of the spined loaches 
of the genus Cobitis are commonly explored by cytogenetics, providing valuable information 
to morphological descriptions and phylogenetic reconstructions (Boroń 1992; Rábová et al. 
2001; Janko et al. 2005, 2007b, Vasil’ev and Vasil’eva 2008, 2011). Advanced cytogenetic 
studies analysed karyotypes by banding patterns or FISH (Boroń 1999, 2003a,b; Boroń et al. 
2003; Rábová et al. 2007). Based on my experience obtained during the preparation of 






In the publication I we tested whether asexual reproduction and/or hybridization have 
notably increased the rate of chromosomal changes in comparison with sexual lineages. We 
compared chromosomal sets of diploid or polyploid clonal hybrids to those of their direct 
sexual progenitors using GISH. We tested whether the karyotypes of sexual species and 
hybrids notably diverged since the primary hybrid formation, whether the parental 
chromosome sets maintain their integrity in the hybrid clonal lineage or whether 
recombination between chromosomal sets occurs. Our data do not indicate that clonally 
transmitted karyotypes accumulate morphological structural changes at any notably higher 
rate in comparison with sexual species. It appears therefore, that the karyotypes of parental 
species remain rather static in clonal lineages for long periods, spanning over hundred 
thousands of generations. 
Our results are contradictory to previously published studies on the rate of karyotype 
evolution in asexual invertebrates. In these studies, authors revealed accelerated accumulation 
of morphological structural changes in clonal genomes of apomictic organisms (Sunnucks et 
al. 1996; Normark 1999; Welch et al. 2004; Schneider and Cella 2010). Since hybrid Cobitis 
reproduce via automictic parthenogenesis, we conclude that the effect of asexuality on the rate 
of chromosomal evolution may depend on particular type of asexual reproduction.  
 
5.5. Coregonidae 
Coregonids represent a paleoautopolyploid group (Allendorf and Thorgaard 1984; Timusk et 




fully completed re-diploidization (Wolfe 2001), enabling sexual reproduction with occasional 
quadrivalent formations during meiosis (Timusk et al. 2011). Generally, a robust amount of 
descriptive cytogenetic data is available for this lineage (e.g. Phillips and Ráb 2001; Rossi and 
Gornung 2005; Kirtiklis and Jankun 2006; Dion-Côté et al. 2015). European Coregonid 
species in temperate lakes that have been established since the last glaciation (12 000 – 15 
000 YA), providing suitable model systems for studying postglacial evolution, adaptive 
radiation and ecological speciation (Schluter and Rambaut 1996; Taylor 1999). One such 
model system occur in the Lake Stechlin (Germany), where the otherwise broadly distributed, 
autumn-spawning European cisco C. albula coexists with the endemic, smaller, spring-
spawning Stechlin cisco C. fontanae (Schulz and Freyhof 2003). The ecological and 
evolutionary aspects of these sympatric species have been extensively studied, including 
morphology (Helland et al. 2009), temperature-dependent metabolic adaptations (Ohlberger et 
al. 2008a,b) or genetic structure (Mehner et al. 2010).  
 
In the publication IV (Symonová et al. 2013b) we have described an extensive variation in 
the number of 45S rDNA sites between C. albula and C. fontanae genomes and a co-
localization of the 45S rDNA and the transposable element Rex1 in both species. We 
demonstrated cytogenomic background of a rapid ecological speciation, which remained 
undetectable by both sequence and karyotype analysis. We provided indirect evidence that 




recombination rates in both genomes, thus, contributed to reproductive isolation and lead to a 
rapid genome divergence. We attribute these extensive genome re-arrangements associated 
with speciation events to stress-induced TEs (re)activation. 
It is speculated that transposable elements can specifically target rDNA loci (Jakubczak 
et al. 1991; Eagle and Crease 2012). rDNA units with incorporated TEs are nonfunctional, 
suggesting selective pressure against these insertions. However, the rDNA-specific TEs are 
highly successful (Zhang et al. 2008). The total number of functional rDNA units on genome 
usually exceeds the minimum required for host viability, and thus insertion of TEs into rDNA 
units may have little impact on host fitness (Eickbush 2002; Zhang et al. 2008). The 
publication IV has been cited in the context of other studies in diverse fish lineages, e.g. 
Characiformes, Siluriformes, Perciformes, Salmoniformes (Pucci et al. 2014; Cioffi et al. 




Ray-finned fishes exhibit the most diversified vertebrate group, promoting them to the biggest 
and most exciting challenge in cytogenetic studies. Over the past decades, fish cytogenetics 
has matured into a multidisciplinary science that draws heavily on theoretical and technical 
advances associated with developments in molecular biology, flow-cytometery, 
bioinformatics and phylogenetics (Robinson and Yang 2012). Cytogenomics (or modern 
cytogenetics) is combining set of methodologies, including conventional (banding), molecular 
(chromosome painting, gene mapping and sequencing) and genomic tools broadening the 
perspectives in the study of karyotypes and chromosomes (Pereira 2013). As a result, it now 




(Robinson and Yang 2012). Furthermore, its increasing reliance on sequence data to confirm 
and refine syntenies, identify breakpoints, neocentromeres and other chromosomal features 
has irrevocably cemented the association between molecular cytogenetics, karyotypic change 
and genomics (Robinson and Yang 2012). In summary, the development and improvement of 
molecular cytogenetic methods have substantially expanded the spectrum of chromosome 
studies and have played an important role in the precise characterization of the genomic 
features related to chromosome biology. The current availability of a still increasing number 
of completely sequenced eukaryotic genomes has opened new “avenues” for advancing 









































































































































































































7.3. Publication III 
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